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Description 

TECHNICAL FIELD 

This invention relates to the general fields of gase- s 
ous fuel conpression arxi fuel control in temis of both 
sy^ems and methods and more particularly to an 
inrproved system and method that utilizes a helical flow 
compressor/turbine permanent magnet nDotor/genera- 
tor to congress and control gaseous fuel used by a tur- 10 
bogenerator. 

BACKGROUND OF THE INVENTION 

When a turbogenerator utilizes gaseous fuel to is 
generate electricity, it is typically using natural gas from 
a natural gas pipeline. If the natural gas pipeline is in a 
residential or commercial area, the gas pressure is 
probably about two*tenths of a pound per square inch 
above atmc^heric pressure (0.2 psig). The natural gas 20 
pipeline pressu'e is kept this low in residentially and 
commercially zoned areas for fire safety reasons. A tine 
leak or line break at high^ pressures could release 
massive amounts of natural gas into populated areas 
with the attendant risk of explosion and fire. In industrial 25 
locations, the natural gas pipeline pressure can be any- 
where from twenty (20) psig to sixty (60) psig. Each nat- 
ural gas pipeline has its own gas pressure standard. 
The utilities that supply these pipelines make little war- 
ranty of what that pressure will be or that it will be nnain- 30 
tained at a relatively constant level. 

A turbogenerator may need natural gas supplied to 
its combustor nozzle manifold at a pressure as kw as 
one (1) psig when the turbogenerator is being started or 
at a pressi^e as high as forty (40) psig when the turtx>- 35 
generator is being operated at full speed and at full out- 
put power. One type of turbogenerator can operate and 
generate power at any speed between twenty-five thou- 
sand (25.000) rpm and one hundred thousand 
(1 00.000) rpm. Over this speed range, the gaseous fuel 40 
supply pressure requirements (in psig) can vary by 
twenty-five-to-CMie (25:1) and the gaseous fuel supply 
flow requirements can vary by twenty-to-one (20:1). The 
turtx)generator speed. conrt>ustion temperature and 
output power are controlled by the fuel pressure and the 4S 
fuel flow rate established by the turtx>generator fuel 
control system. The pressure and flow of the gas deliv- 
ered to the turtx>generator nnanifbld must be precisely 
controlled (e.g. to within 0.01%) to adequately control 
the turtx)geneFator speed, combustion tenrperature and so 
output power. 

A fuel control system for a turtx^generator needs to 
be able to reduce the natural gas pressure when the tur- 
tx>generator is beir^ started or operated at low speed 
and low output power. But this fuel control system must ss 
also be able to increase the natural gas pressure when 
the turtx)generator is operated at high speed and high 
output power. Thus, the fuel control system must have 



gas compressk>n capability to increase the gas pres- 
sure. But it can reduce the g^ pressure with either 
valves using Joule-Thompson expansion (whk:h is 
wasteful of power) or with a turbine (which recovers the 
energy of the exparKiir^ natural gas and converts this 
into electrk:al power). 

Most conventional gaseous fuel compressbn arxi 
control systems for turtx>generators utilize an oil lubri- 
cated reciprocating compressor driven by a three (3) 
phase, sixty (60) cyde irxluction nrxitor to boost the nat- 
ural gas pressure from whatever line pressure is availa- 
ble to a pressure of atx)u! one hurxJred (100) psig. 
There s typically an accumulator tank and a pressure 
sensor at the discharge of the redprocating compres- 
sor. When the discharge pressure reaches about one 
hundred (100) psig. the pressure sensor turns the com- 
pressor motor off. The accumulator supplies tiie 
required turtx)generator gas flow when the compressor 
motor. is turned off. The accumulator pressure decays 
witii time until the pressure sensor determines that the 
pressure is below about sixty (60) psig. at which time it 
turns the compressor motor on again. Once again the 
pressure rises to about one hundred (100) psig at which 
point tfie pressure sensor turns the compressor mtitor 
off. This process of pressure ramp up and pressure 
decay (from sixty (60) psig to one hundred (100) psig 
and bad^ continues as long as the turt)ogenerator is in 
operation. The conpressor/accumulator discharge gas 
pressure is too high arxJ poorly regulated for direct use 
by a turlx)generator. This pressure is regulated down- 
ward to match the requirements of the turbogenerator 
by a very precise mass flow control valve. 

The mass flow control valve typically has a mass 
f k}w SOTSor that is insensitive to gas pressure, gas den- 
sity, or gas temperature. The valve is a servosystem in 
its own right adjusting its internal electromechank;al 
orifice to prevent accunnulator pressure variations, from 
affecting the mass flow rate of natural gas delivered to 
the turbogenerator and to assure that the mass flow 
delivered to the turt>og^erator is that conrmiarKled t>y 
the turtx>generator computer. The tuitx)generator com- 
puter rrw)nitors the ojtput power cunrentfy being 
demanded of the turbogenerator by the electrical load, 
amputes the required changes in turtx)g^erator 
speed and combustion temperature required to supply 
that power, limits tuitx>generator speed and conrtxjstion 
temperature to safe levels, then computes the mass 
f bw of fuel required to achieve the latest desired turtx>- 
g»ierator speed and contwstion temperature. The 
mass flow control valve is then commanded to deliver 
tills mass fbw rate. 

The use of oil lubricated redprocating compres- 
sors, fixed speed compressor motors, accumulators, 
on-off pressure control, mass flow control valves, etc. in 
oc^entional fuel control systems results in numerous 
shortcomings: 

The fuel control system can be as large and heavy 
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as the turtx)generator it supplies with and con- 
trols. 

The fuel control system can be as expensive as the 
turt>ogenerator *tt supplies with gas and controls. 
An oil coalescing f itt^ with an oil return to the conn- s 
pressor oil sump as well as a depth filter are 
needed at the discharge of the compressor to pre- 
vent oil from contaminating the natural gas lines 
leading to the tuitx>generator as well as contami- 
nating the tuTtx)generator*s nozzles, combustor and io 
catalyst. 

If the oil coalescing filter and depth filter allow oil 
vapors or oil droplets to reach the natural gas lines 
leading to the turbog^erator. oil condensation and 
coalescing will allow liquid oil to plug these lines is 
resulting in severe turtx>generator speed surges. 
If the oil coalescing filter and depth fitter allow oil 
vapors or oil droplets to reach the turtx)generator*s 
nozdes or combustor, varnish build up will affect 
combustion adversely. 20 
If the oil coalescing filter and depth filter allow oil 
vapors or oil droplets to reach any catalyst used by 
the turbogenerator in its combustion or post com- 
bustion emissions control, the catalyst will be poi- 
soned and wilt cease to function. 25 
The compressor needs periodic servicing to check 
its oil level, top off its oil level and to change its oil. 
The filters require checking and periodic r^ace- 
menl 

Turning the compressor on and off to control accu- so 
mutator tank pressure shortens the compressor 
ard mota life. 

The rings, rotary seals and sliding surfaces of the 
compressor wear and thus limit compressor life. 
The rotary seals of some compressor types can 35 
leak natural gas, especially after the passage of 
time Bjnd accumulated wear. 
The compressor produces pressure pulsations 
each time its piston strokes. These pulsations have 
to be cverccMTie by compressing the gas to a higher 40 
pressure than wouki otherwise be needed (wasting 
power) and by the use of an accumulator tank and 
a fast acting n^ss flow control valve having a very 
high gain servosystem. 

The compressor/accumulator discharge pressure 45 
ramps up and decays down as the compressor Is 
turned on and turned off to control accumulator 
tank pressure. These pressure variations also have 
to be overcome by compressing the gas to a higher 
pr^ure than wouM otherwise be needed (wasting so 
power) and by the use of an accumulator tar^ and 
a fast acting mass flow control valve having a very 
high gain servosystem. 

The accumulator tank is large, heavy, and of at 
least medium cost. 55 
The mass ftow control valve is expensive, comji^i- 
cated. prone to calbration drift, prone to sealing 
prc^ems. prone to particle contamination, prone to 



function induced fiysterisis problems for some ver- 
sions, adversely aff^ed by electrical noise ema- 
nating from the turbogenerata (due to its high 
servosystem gains), and is of questionable reliabil- 
ity. 

* Conpressir^ the natural gas to a pressure far 
above that needed It^ the turbogenerator in order to 
have enough pressure differential across the mass 
flow control valve for the valve to operate welt is 
very wasteful of natural gas compression power. 

To avokl the aforementicHied shortcomings of most 
conventional gaseot^ fuel compression and control 
systems, it is necessary to use a rotary compressor that 
is not oil lubricated, does not have rubbing shaft seals, 
and does not have sliding surfaces. Centrifugal com- 
pressors do meet these requirements. However, centrif- 
ugal compressors operate best (with high efficiencies) 
when they f^ve a high through^ flow rate and a low 
pressure rise relative to their tip speed. These operating 
conditions are characterized as high specrfic-^eed 
condrtbns. Under these conditions, a centrifugal com- 
pressor can operate with an efficiency on the order of 
seventy-eight percent (78%). But the flow rate and pres- 
sure rise requirements for the compressor in the gase- 
ous fuel compression and control system are for a tow 
specific-speed comixessor (low throughput flow rate 
and high pressure rise relative to the compressor's tip 
speed). A centrifugal compressor operating under these 
conditions wouki have an efficierK:y of less than twenty 
percent (20%). Under these conditions it would require 
a very large number of centrifugal compressors in 
series (e.g. ten (10)) to produce the same pressure rise 
for a given tip speed as could one (1) helical flow com- 
pressor. A helical f kw compressor is an attractive can- 
dkiate for this application. A helical flow turbine can 
perform the function of tiie mass ikxw control valve while 
additionally generating electrical power when the natu- 
ral gas line pressure is greater than that needed by the 
turtx)geneFator. If a helical flow machine is used that 
can function as both a compressor and a turbine, tiie 
natural gas need only be corrpressed to forty (40) psig 
Instead of to one hundred (100) psig, thereby saving 
power. 

A helical flow compressorAurbine operating as a 
compressor is a high-speed rotating machine that 
accomplishes compression by Imparting a velocity head 
to each f lukf particle as it passes through the machine's 
impeller blades ar^ then converting that vekxaty head 
into a pressure head in a stator channel ttiat functions 
as a vaneless diffuser. White in th^ respect a helical 
flow compressor has some cfmracteristics in common 
with a centrifugal compressor, the primary f k3w in a hel- 
ical flow conpressor is peripheral arKi asymmetrical, 
while in a centrifu^ compressor, the primary fbw is 
radial and symmetrical. The flukJ particles passing 
thrcxigh a helical ftow conpressor travel arour^ tiie 
p^ph^y of the helk^l flow compressor impeller within 
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a generally horseshoe shaped stator channel. Wrthin 
this d^nn^. the fluid particles trav^ along helical 
streamlines, the centerfine of the helix coinciding with 
the center of the curved stator channel. This flow pat- 
tern causes each fluid particle to pass through the 5 
impeller blades or buckets n^ny times wtu'le the fluid 
particles are tr^eling through the helical flow compres- 
sor, each time acquiring kinetic energy. After each pass 
through the impeller blades, the ftukl particles reenter 
the ac^acent stator channel where th^ convert their 70 
kinetic energy into potential &iergy and a resulting 
peripheral pressure gradient in the stator ctoinel. The 
multiple passes through the impell^ blades (regenera- 
tive flow pattern) allows a helical flow compressor to 
produce discharge heads of up to fifteen (15) times 15 
those produced by a centrifugal compressor operating 
at equal tip speeds. A helical flow ccmipressor operating 
at low ^3ec(fic-speed and at its best f bw can have effi- 
ciencies of about fifty-five percent (55%) with curved 
blades artd can have efficiencies of about thirty-eight 20 
percent (38%) with straight radial blades. 

A helical flow compressor can be utilized as a tur- 
bine by supplying it with a high pressure working fluid, 
dropping fluid pressure through the machine, and 
extracting the resulting shaft horsepower with a genera- 25 
tor. Hence the term "compressor/turbine" which is used 
throughout this application. 

Among the advantages of a helical flow compressor 
or a helical flow turbine are: 

30 

(a) simple, reliable design with only one rotating 
assembly; 

(b) statue, surge-free c^eration over a wkJe range 
of operating condtions (ie. from full flow to no flow); 

(c) long life (e.g.. 40.000 hours) limited mainly by 35 
their bearings; 

(d) freedom from wear product and oil corrtamina- 
tion since there are no rubbing or lubricated sur- 
faces utilize; 

(e) fewer stages required when conripared to a cen- 40 
trifugal compressor; and 

(f) higher operating efficiencies when compared toa 
very low specific-speed (high head pressure, low 
impeller speed, low flow) centrifugal ccmipressor. 

45 

The flow in a helical flow conrpressor can be visual- 
ized as two fluid streams which first merge and then 
dmde as they pass through the compressor. One fluid 
stream travels within the Impeller buckets ar^J endlessly 
circles the conpressor. The second fluid stream enters so 
the compressor radially through the inlet port and then 
moves into the horseshoe shaped statw channel which 
is adjacent to the \n^>e\\& txickets. Here the f lukis in the 
two streams merge arKl mix. The stator channel and 
impeli^ bucket streams continue to exchange fluid 55 
while the stator channel fluid stream is drawn around 
the compressor by the impeller motion. When the stator 
channel fiukJ stream has trav^ed around most of the 



conp-essor periphery, its further circular travel is 
blocked by the str^sper ji^te. The stator channel flukl 
stream then turns radially outward arxl exits from the 
compressor through the discharge port The rermining 
impell^' bucket fluid stream passes through the stripper 
pUtte within the bickets and merges with the fluid ji^t 
entering the compressor/turbine. 

Tlie fluid in the impeller buckets of a helical flow 
compressor travels around the compressor at a periph- 
eral velocity which is essentally eqial to the impeller 
blade velocity. It thus experiences a strong centrifugal 
force which tends to drive it radially outward, out of the 
thickets. The fluid in the acQacent stator channd travels 
at an average peripheral velocity of between five (5) and 
ninety-nine (99) percent of the impeller blade velocity, 
dependir^ upon the compressor discharge flow, ft thus 
experiences an inertial force whk:h \s much less t^ 
that experience by the flukJ in the impeller buckets. 
Since these two inertial forces oppose each other arKi 
are unequal, the fluid occupying the impeller iHJCkets 
and the stator channel ^ driven into a circulating or 
regenerative flow. The fluid in the impeller buckets ^ 
driven radially outward and "upward" into the stator 
channel. The fluid in the stator channel is displaced and 
forced radially inward and "downward" into the inpeller 
bucket. 

The fluid in the impeller buckets of a helical flow tur- 
bine travels around the turbine at a peripheral velocity 
which is essentially equal to the impeller blade velocity, 
ft thi^ experiences a strong centrifugal force which 
would like to drive it radially outward if unoppos^ by 
other forces. The flukJ in the atjacent stator channel 
travels at an average peripheral velocity of between one 
hundred and one percent (101%) and two hundred per- 
cent (200%) of the impeller blade velocity, depending 
upon the compressor discharge flow, ft thus experi- 
ences a centrifugal force which is much greater than 
that experierK:^ by the fluid in the impeller ttuckets. 
Since these two inertial forces oppose each other and 
are ungual, the fluid occupying the inpeller buckets 
and the stator channel is driven into a circulating or 
regenerative flow. The fluid in the impeller txickets is 
driven radially inward and "upward" into the stator chan- 
nd. The fluid in the stator channel is displace and 
forced radially outward and "downward" into the impel- 
ler bucket 

While theflukJ in efther a helical fbw compressor or 
helrcal flow turbine is traveling regena-atively. ft is also 
traveling peripherally around the stator-impeller chan- 
nel. Thus, each fluid particle passing through a helical 
ftow compressor travels along a helical streamline, the 
centerline of the helix coinciding wrth the center of the 
generally horseshoe shaped stator-impeller channel. 

SUMMARY OF THE l^fV£^ITIO^i 

In the preserYt invention, the gaseous fuel compres- 
sion and control system and method utilizes a helical 
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flow compressor/turbine integrated with a permanent 
rmgnet motor/generator and driven by a torque control- 
ling inverter to compress or expamj ^seous fuels, to 
precisely control fuel pressure and fuel flew ctelivered to 
a turt)ogenerator. and to precisely control the speed, the s 
combustion or turbine exhaust temperature and the 
electrtcat power output of the turtx>generator. 

The gasec^s fuel compression and control system 
can be comprised of (in order of in-line connection and 
gas flow): 1) a connection to a natural gas pipe line, 2) a io 
solenoid actuated inlet shut-off valve. 3) an optional low 
pressure helical flow compressor/turk^ne pernrmnent 
magnet motor/generator module (us^ if the natural gas 
pipeline pressure is very low). 4) a high pressure helical 
flow compressor/hjrt>ine permanent rmgnet motor/gen- 75 
erator module, 5) a discharge pressure sensor, 6) a 
solenoid actuated outlet shut-off valve. 7) a connection 
to the turbogenerator's con^stor nozzle manifold, and 
8) a corrrputer control system that sets the turtx)genera- 
tor's inverter and motor/generator speed, monitors the 20 
turtx)generator's power output and turbine discharge 
temperatures, sets the helical flow compressor/turbine 
shaft torque, and monitors the helical flow compres- 
sor/turk»ne shaft ^eed. 

The method of gaseous fuel conrpression and con- 2S 
trol indudes establishing the turbogenerator speed 
required based upon the power toad requirements of 
the turbogenerator, establishing the turfc)ogenerator 
combustion or turbine exhaust tenperature required 
t>ased upon the power load requirements of the turtx)- 30 
generator, establishing the gaseous fuel pressure 
requirements to produce the established turtx)generator 
speed and temperature, and commanding the helical 
ftow conrrpressor/turbine to produce the established 
gaseous fuel pressure by controlling the tc»que or the 35 
speed of the helical flow compressor/turbine permanoit 
magnet motor/generator. 

The gaseous fuel compression and control system 
for a turbogenerator includes a helical flow compres- 
sor/turt»n6 for supplying pressurized gaseous fuel to 40 
the gaseous fuel nozzles of the turtx^enerator combus- 
tor with the turt>ogena'ator conpressor supplying com- 
pressed air to the turtx)generator combustor. A motor, 
such as a perrmnent nrragnet motor, drives the helical 
flow compressor/lurt>ine. A helical flow compressc^Aur- 45 
bine motor inverter drive provides electrical power to the 
motor and receives operational phase and speed data 
from the motor. The inverter drive also receives maxi- 
mum speed and command torque control sigrals from 
the turt)ogenerator power controller which receives a so 
speed feedback signal from the helical flow compres- 
sor/turbine motor inverter drive. A turbogenerator speed 
signal and a turt>ine exf^ust gas tenperature signal are 
provided to tf^ turtx)generator power controller from the 
turtjogoierator. 55 

The helical flow compressor/turtMne system is typi- 
cally thirty (30) to forty (40) times smaller than systems* 
with redprocatir^ compressors; consumes about one- 



third (1/3) of the energy than other gaseous fuel com- 
pression systems use; does net require the use of an 
accumulator; does not compress the gaseous fuel to a 
pressure that is higher than is needed by the turtx)gen- 
erator and then throw the extra pressure away through 
regulation; does not cyde on and off does not opa^te in 
a pulsed mode; and is very fast and responsive having 
low inertia impeller whe^s and being controlled by the 
same computer that controls the entire turtx)generator 
combustion process. 

The helical flow compressor/turbine, typically hav- 
ing multiple compression stages. Is driven at high speed 
on the order of thirty six thousand (36,(K)0) rpm by a 
permanent magnet motor generator. It is designed to 
produce very high pressure for a given impeller tip 
speed. A conventional centrifugal compressor passes 
gaseous fuel such as natural gas through its impeller 
blade to impart kinetic energy to the gaseous fuel. That 
kinetic energy or velocity energy is then converted to 
pressure energy in a diffuser channel. This happens 
only once as the gaseous fuel goes thrcHjgh the com- 
pressor. In order to obtain a large pressure rise, you 
either have to have an extremely high ^eed inpeller 
with a very large diameter, or you have to have a large, 
number of compression stages (on the order of forty 
(40)). 

A helical flow compressor/turbine also takes inlet 
gaseous fuel into its impeller blades where it pcks up 
Kinetic energy or velodty energy ard tiien the gaseous 
fuel goes into a stator channel (which is in effect a vane- 
less diffuser) where the kinetic energy is converted into 
pressure energy. While this happens only once in the 
typical centrifugal compressor, it typically happens 
twelve (12) to fifteen (15) times in a helical flow com- 
pressor/turtjine. Tlius, you can obtain about twelve (12) 
to fifteen (15) times as nrtuch pressure rise in a single 
stage of a helical flow compressor/turbine as you can 
obtain in a single stage of a centrifugal compressor. 

The helical flow compressor/turbine is also 
designed to produce very low flows whereas the centrif- 
ugal compressor r^ires higher flows for greater effi- 
dency. Becai^ of this, centrifugal compressors 
operating at high flows have higher eff idencies than hel- 
ical flow compressor/turbines running at their best effi- 
dendes. vy/hen, however, you compare centrifugal 
compressors witii helk^al flow compressor/turt>ines with 
the same low flows, h^ical flow compressor/turbines 
actually have higher effidendes. A centrifugal compres- 
sor operating at its best operating conditicm would be 
operating at about a seventy eight percent (78%) effi- 
dency. The centrifugal compressor woukJ, however, be 
operating at its best flow which will be well above the 
flows needed by the turi^enerator. The helical flow 
compressor/turbine operating at its best flow can have 
eff iciendes with curved blades of about fifty five percent 
(55%) and with straight blades of about tiiirty eight per- 
cent (38%). The effidency of the helical flow compres- 
sor/turbine with straight blades for the flows r^ired by 
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the tuftxjgenerator is about twenty five percent (25%) 
aiKi with cun^ blades may be slightty over thirty per- 
cent (30%). On the other hand, the centrifugal compres- 
sor effictency under sinrtilar comiitons would be under 
twenty percent (20%) because it would be operating at 5 
siK^h a low f tow, well below where it is designed to oper- 
ate at. At these low flows, there is a lot of scroll leakage 
losses in the centrifugal connpressor. 

The helical flow compressor/turbine has a light- 
weight wheel or impeller for a given throughput flow rate 10 
and pressure rise. The centrifugal compressor will be 
somewhat heavier with less ability to accelerate and 
decelerate than the helical flow compressor/turbine. If 
both a centrifugal comy^essor and a helical flow conv 
pressor/lurbine were designed to provide what the tur- is 
bogenerator requires^ the Impeller of the helical flow 
compressor/turt>ine would be much lights- and nmjch 
easier to accelerate and decel^ate than the impeller of 
the centrifugal compressor ard the centrifugal com* 
pressor system woukJ have many more stages. 20 

Since the pressure of the gaseous fuel introduced 
into the turtxjgenerator combustor is a function of the 
helical f tow compressor/turbine st^ft torque and shaft 
speed, the fuel control system computer can control the 
inverter which controls the motor wWch o^itrote the 25 
compressor and effectively allows the computer to con- 
trol either the pressure or the flow of the helical flow 
compressor/lurbine which is compressing ^seous fuel. 
In a helical flow compressor/lurbine driven by a perma- 
nent magnet motor, or by an induction motor, you can 30 
control the torque the motor produces or control the 
motor speed or a mix of the twa Typcally in this appli- 
catiwi. the torque is controlled since that controls the 
pressure rise of the compressor. Since the buckets have 
a known cross sectional area at a known radius to the 35 
cerrter of the compressor/lurt)ine motor shaft, there is a 
known pressure rise for a given motor torque. The gas- 
eous fuel to the turtxjgenerator can therefore be effec- 
tively confront. 

The turtsogenerator should be able to operate on 40 
whatever gaseous fu^ you have available in a pipeline, 
arrywhere from six (6) inches water gauge at the low 
end to about fifty (50) psi gauge pressure at the top end. 
If your initial gas pressure is too high, the helical flow 
compressor/lurtwne can be operated in a reverse direc- 45 
tion to function as a turbine and reduce the pressure 
coming into the turbogen^tor so that you get the 
amount of fuel you need for initial ignition. After Ignition, 
combustion produces heat and combustton gas flow 
that drives the turbine and accelerates the turbog»iera- so 
tor which rases the pressure of the turtxjgenerator 
compressor. As the turt)ogenerator compressor 
irK^reases the pressure of the combustion air. you will 
ato need to increase the gaseous fuel pressure to keep 
it somewhat higher so that there is a positive flow of 55 
gaseous fuel to the oorr^xjstor nozzles. If for any reason 
the turtx^enerator gets to a speed so as to produce 
nrK)re turt)og6nerator compressor discharge pressure 



than the gaseous fuel pressure, the gaseoi^ fuel f tow 
will stc^ and no gaseous fuel will enta the turt)ogenera- 
tor comtjustor and the turtx)generator goes down in 
^)eed. This in fact constitutes a speed control mecha- 
nism which extremdy well. 

A conventional gaseous fuel compression and con- 
trol system controls the fuel mass flow rate deliver^ to 
the turljogenerator but not the pressure of the fuel deliv- 
eraj to the tuitxjgenerator. If the flow is hekJ constant, 
the turtx)genarator speed can run away when the elec- 
trto power load suddenly drops off If the electrtoal toad 
coming out of the turt>ogenerator drops off. more torque 
is available from tiie turbine to accelerate the wheel. 
The problem is controlling the speed in the system 
based upon controlling the nass f tow of gaseous fuel. 
Only a high speed, high gain servosystem can prevent 
^ed surges if fuel flow is controll«J rather tiian fuel 
pressure. 

In the present invention, the pressure rather than 
the mass flow of the gaseous fuel is controlled and set 
to a pressure such as twenty f ive (25) psi gauge. The 
turbogenerator will automatically accelerate if the com- 
pressor dfecharge pressure is less than twenty three 
and one-half (23 1/2) psi gai^e. At that point the turbo- 
gaierator is getting the anrount of fuel it needs to run. 
With a drop off of load at the turt)ogenerator. tiie most 
tiiat the turboger>erator speed can increase is that 
change in spe^ associated with an increase of one and 
one-half (1 1/2) psi in compressor discharge pressure. 
The speed goes up about three percent (3%) or four 
percent (4%) (considered to be a speed error) and sta- 
bilizes out as the gaseous fuel flow naturally drops 
down. Essentially what the computer based control 
togic does s reduce this small enror by using a limited 
amount of gain or by using limited autiiorrty integration 
reducing this small enror to essentially zero with small 
variations in fuel pressure. This makes a stat)le servo- 
control. 

With prior art technology, tiiere is alnrwst no gain in 
the turtx>generator by virtue of the fuel pneumatics arKi 
the compressed air pneumatics, the gain is all in the 
compute- that is controlling the gaseous fuel and thafs 
a hard thing to do. What is done in the present invention 
is to use the turt>ogenerator as a moderate gain servo- 
system on its own right. If you control the fuel pressure, 
you control the turtx)generator speed wrthin a five per- 
cent (5%) tolerance range for a wide range of output 
power. The turtxjgenerator keeps itself from overspeed- 
ing and enables the system to get by with a very low 
gain (thus stable) sen«)system that is computer based. 
Noting the power that the customer wartts electrically, 
the computer goes to look-up tables to determine the 
^ed and temperature at which the turt>ogenerator 
should be operating to produce that power. Another 
took-up table determines what pressure the gaseous 
fuel shouki have to be consistent with that selected tur- 
bogenerator speed and temperature. The fuel pressure 
is then conmianded to be eqi^ to that level by changing 
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the speed d the helical flow corrp-essor/lurt^ne by 
changing the torque of the helical fbw compressor/tur- 
bine motor. These conditions are chained with a very 
small error because the prediction algorithms can be 
extremely accurata A very small authority or limited 
gain integral proportional controller algorithm can trim 
out the ^ errors in spe^, exhaust gas temperature, or 
output power. 

A gaseous fuel compression and control system 
t>as^ on the present inverrtton stabilizes much ^er 
than systems with reciprocating compressors and mass 
ftew control valves, h has been derronstrated that this 
system can control a turt^ogenerator ov^ a ^ed range 
of twenty four thousand (24.000) rpm to ninety six thou- 
sand (^.000) rpm and can control the turbogenerator 
speed to within ten (1 0) rpm and that it can also control 
the turbine exl^i^ temperature to within two (2) 
degrees Fahrenheit It is a very friendly system vt^ich 
does not overshoot and is capable of overcoming many 
of the difficulties of prior systems. 

It is therefore the principle aspect of the pr^nt 
invention to provide an inrproved gaseous fuel compres- 
sion and control system and method tor a turtx)genera- 
tor. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel conpression and control system 
having means to compress gaseous fuel from natural 
gas line pressure to the pressure required by the turtx>- 
generator combustor. 

It is another aspect of the presa^ Invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor to compress and 
raise the pressure of the gaseous fuel. 

It Is another aspect of the ([^resent invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow turbine to expand arKi reduce 
the pressure of the gaseous fuel. 

It ^ another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine that can 
both compress (ra^e the pressure) and expand (lower 
the pressure) of the gaseous fuel. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine integrated 
with a permanent nagnet motor/generator and an 
inverter that can utilize electrical energy to compress 
the gaseoim fuel when the gaseous fuel supply pres- 
sure Is less than that needed by the turtx^generatcu'. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine integrated 
with a permanent magnet motor/generator ar^ a four 
quadrant inverter that can generate electrical power 
when the gaseous fuel supply pressure is greater than 
that needed by the turtx)gen&ator. 

It is another aspect of the present Invention to pro- 
vide a gaseous fuel com^^es^on arxi control system 



that utilizes a helical flow conrpressor/turt)tne perma- 
nent m^net motor/generatCH- tint can shift or transition 
snxx^rthly from g^erating electrical power white 
expanding or redudng the ^essure of the ^seous fuel 
5 to utilizing electrical power to corrpress or incr^se the 
pressure of the gaseous fuel in response to changes in 
the natifl-al gas line pressure or changes in the fuel 
pressure ar%i/or fud f bw required by the turtx>genera- 
tor. 

TO It is another aspect of the present invention to pro- 
vide a gaseous fu^ corripression and control system 
that utilizes a helical flow compressoryiurt^ine perma- 
nent magnet motor/generator and associated inverter 
that can precisely control the shaft torque of the helical 

15 flow compressor/turbine permanent magnet motor/gen- 
erator. 

It is another aspect of the present invention to pro- 
vide a gaseous fu^ compression and control system 
that utilizes a helical flow conrpressor/turt^ne perma- 
20 nent magnet motor/g^erator and associatKl inverter 
that can precisely monitor the shaft speed of the helical 
flow compressor/turbine permanent magnet nrotor/gen- 
erator 

It is another aspect of the present invention to pro- 
25 vide a gaseous fuel compression and control sy^em 
that utilizes a helical flow conpressor/iurbine perrm- 
nent magnet motor/gwierator and associated inverter 
that can precisely control and/a* monitor both the shaft 
torque and the shaft speed of the helical f bw compres- 
30 sor/turbine permanent magnet motor/generator. 

It is another aspect of the present inventic^ to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turt>ine integrated 
with a permanent nagnet motor/generator and a torque 
35 controlling inverter that can inherently control the 
change in gas pressure aooss the compressor/turt>ine 
(since pressure change is nominally proportional to 
torque). 

It is anoth^ aspect of the present invention to pro- 

40 vide a gaseous fuel compression and control system 
that utilizes a helical flow conrpressor/turt^ne integrated 
with a permanent magnet motor/generator and a torque 
controlling inverter with spe^ output data that can 
inherently control and/w nronitor and/or provide data to 

45 compute the change in ^s en^gy as the gaseous fuel 
passes through the helical flow compressor/turt>ine 
(since gas energy change is related to the product of 
shaft speed times shaft torque). 

It is another aspect of the present inv^on to pro- 

50 vide a gaseous fuel corrpression and control system 
that utilizes a helical flow conrpressor/turt>ine integrated 
with a permanent magnet motor/generator and a torque 
controlling inverter with speed output data that can pro- 
vide infornr^on to compute gaseous fuel f bw rate. 

55 It is another aspect of the present invention to pro- 
vide a gaseous fud compression and ccntrol system 
that utilizes a compressor/turbine that is not sisc^bSe 
to fluid dynamic instabilities such as stall or surge (such 
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as are experierKed by centrifi^ ccmpressors when 
flows are low, speeds are lew arxi pressure changes 
across the compressor are large) or to any other pres* 
sure or flow discontinuities in the pressurefflow profOe. 

It is another aspect of the present invention to pro- s 
vide a gaseous fuel compression and control system 
that utilizes a rotary compressor/turbine that produces a 
large pressure change with low rotor tip speed. 

It is arKrther aspect of the lares^ invention to (m- 
vide a gaseous fuel compression arxJ ccmtrol system 10 
that utilizes a rotary conpressor/turbine that can quickly 
and continuously adjust its gaseous fu^ discharge flow 
rate to nratch changing pipeline or turbogenerator con- 
ditions. This requires low inertia impeller wheel{s}. 

It is another aspect of the present invention to pro- is 
vide a gaseous fuel compression and control system 
that utilizes a rotary compressor/turbine t^ (^erates 
witii reasonable efficiency when Its specific-speed is 
low (i.e. when pressure change is high, speed is low 
and flew rate Is low). 20 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a motor/generator tiiat is efficient 

It is anottier aspect of the present invention to pro- 
vide a gaseous fuel expression and control system 2s 
that utilizes a helical flow conpressor/lurbine ti^t can 
be configured as a single stage, a two stage, or a three 
stage rotary machina 

It is another aspect of tiie present invention to pro- 
vide a gaseous fuel compresson and control system 30 
that does not utilize a flow control valve downstream of 
the gaseous fuel compressor. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that does not conpress the gaseous fuel to a pressure 35 
sut)stantially above the pressure required the turtx)- 
generator since such high pressure compression would 
waste gas compression en^gy 

It Is another aspect of tiie pres^ invention to pro- 
vide a gaseous fuel compression and control system 40 
that connpresses the gaseoi^ fuel only to the pressure 
required by the turt)ogenerator (thus saving energy). 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that has no gas storage txrt compresses the gaseous 45 
fuel only when it is needed. 

It is anotiier aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that does not require an aocunmilator tank. 

It is another aspect of the present Invention to pro- so 
vide a gaseous fuel conpression and control system 
that does not require tiie confessor to t>e turned on 
and off in order to control its dtecharge pressure when 
the natural gas pipeline pressure charges or the gas 
pressure flow required by the turl)ogenerator changes, ss 

It is another aspect of the present invaition to pro- 
vttJe a gaseous fuel compression and control system 
that does not utilize a compressor having pressure or 



flow pulsations in its discharge gas flew. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel corrpressicHi and control system 
that does not utilize a compressor having pistons. 

It is anottier aspect of the present invention to pro- 
vide a gaseous fuel corrpression and ccvrtrol system 
that does not utilize a compressor having rubbing or 
sliding surfaces. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and centred system 
that does not utilize a compressor havingrotary shaft 
seals. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression arvJ control system 
that does not utilize a conpressor that can have oil 
droplets or oil vapor entrained in its discharge gas flow. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression arKi control system 
that does not utilize a compressor having oil lubrication. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Having thus described the present invention in gen- 
eral terms, reference will now be made to the accompa- 
nying drawings in which: 

Rgure 1 is a plan view of a turbogenerator set utiliz- 
ing tiie gaseous fuel compressicxi and control sys- 
tem and metiiod of tiie present invention; 
Rgure 2 is a perspective view, partially cut avray. of 
a turtxjgenerator for tiie turtK>generator set of Rg- 
ure 1. 

Rgure 3 is a block diagram, partially schematic, 
view of the gaseous fud conpression and control 
system and method of the present invention; 
Rgure 4 is an end view of a two stage helical f tow 
conpressor/turtane permanent magnet rrx)tor/gen- 
erator for use in the gaseous fuel compression and 
control system and method of the present Inven- 
tion; 

Rgure 5 is a cross sectional view of the helical flew 
compressor/turbine penmanent magnet motor/gen- 
erator of Rgure 4 taken along line 5-5; 
Rgure 6 is a cross sectional view of the helical f tow 
compressor/turt^ne permanent magnet motor/gen- 
erator of Rgure 4 taken along line 6-6; 
Rgure 7 is an enlarged sectional view of the helical 
flow conpressor/tufbine pem^nent rriagnet 
motor/generator of Rgure 4 illustrating the crosso- 
ver of gaseous fuel from the low pressure stage to 
the high pressure stage; 

Rgi^e 8 is an enlarged partial plan view of the hel- 
ical flow compressor/turbine impeller having 
straight radial blades and illustrating the f tow of f lukJ 
therethrough; 

Rgure 9 is an enlarged partial plan view of a heltoal 
flow compressor/turbine irrpeiler having curved 
blades; 
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Figure 10 is an explcdoJ perspective view of a sta- 
ter channel plate of the h^ical flow ccmipressoryiur- 
bine permanent magnet motor/genemtor of Rgure 
4; 

Rgure 11 is an ^larged sectional view of a portion 
of Rgure 7 illustrating fluid flow streamlines in the 
impeller blades arxi helical fbw stator channels; 
Rgure 12 is a schematic representation of the flow 
of f yd throL^h a helical fbw compressor/hjrbine; 
Rgure 13 is a block diagram, partially scheratic, 
view of the gaseous fuel compression and control 
system and method of the present invention illus- 
trating two (2) helical flow compressor/turbines in 
series; 

Rgure 14 is an alternate schematic representation 
of the gaseous fuel compression and oontrd sys- 
tem and method of the present invention; and 
Rgure 15 is a graph of the pressure versus flow 
characteristics of a helical flow compressor. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A turtx)generator set 10 utilizing the gaseous fuel 
compression aixi control system and method of the 
present invention is illustrated in Rgure 1. A mojnting 
platform 1 1 supports the turtx)generator 12, associated 
ducts 13, helical flow compressor/turbine permanent 
magnet motor/generator 14, turbogenerator set power 
controller 15. and line oommutated Inverter 16 (in two 
(2) enclosures). 

The turbogenerator 12 is illustrated in detail in Rg- 
ure 2 and generally comprises a permanent nagnet 
generator 20, a power head 21. a combustor 22 and a 
recuperator (or heat exchanger) 23. 

The permanent magnet generator 20 includes a 
permanent magnet rotor or sleeve 26, having a perma- 
nent magnet disposed therein, rotatably su|:^rted 
within a permanent rragnet stator 27 by a pair of ^ced 
journal fc>earings. Radial permanent magnet stator cool- 
ing fins 28 are enclosed in an outer cylindrical sleeve 29 
to form an annular air flow passage which coots the per- 
manent magnet stator 27 and ther^y preheats the air 
passing through on its way to the power he^ 21 . 

The power head 21 of the turbogenerator 12 
includes compressor 30, turbine 31, and bearing rotor 
32 through whic^ the tie rod 33 to the permanent mag- 
net rotor 26 passes. The compressor 30, having com- 
pressor impell^ or wheel 34 which receives preheated 
air from the annular air flow passage in cylindrical 
sleeve 29 around the pemnanent nr^gnet ^tor 27, ts 
driven by the turbine 31 having turbine wheel 35 which 
receives heated exhaust gases from the combustor 22 
supplied with air from recu|:^ator 23. The compressor 
wheel 34 aiKl turbine wheel 35 are supported on a bear- 
ing shaft or rotor 32 having a radially extending bearing 
rotor thrust disk 36. The bearing rotor 32 Is rotatably 
supported by a single journal bearing within the center 



bearing hou^ng 37 while the bearing rotor thrust disk 
36 at the C(^Ti]:»'essor end of the bearing rotor 32 'f& 
rotatably supported by a bilateral thrust bearing. 

Intake air is drawn through the perman^ magnet 

5 generator 20 by the compressor 30 which increases the 
pressure of the air and forces it into the recuperator 23. 
In the recuperator 23, exhaust heat from the turbine 31 
is us^ to preheat the air before it ent^ the conrtbustor 
22 where the preheated air is mixed with fuel and 

10 burned. The combustfon gases are then expanded in 
the turt»ne 31 whfoh drives the compressor 30 and the 
permanent rmgnet rotc^- 26 of the permanent magnet 
generator 20 which is mc^nted on the same shaft as the 
turtMne 31. The expand^ turbine exhaust gases are 

15 then passed through the recuperator 23 before being 
discharged from the turt)ogenerator 12. 

As illustrated in Rgure 3. the helical flow compres- 
sor/turbine 14, having motor 42, includes a gaseous fuel 
inlet 40 to provide a gaseous fuel suc^ as natural gas to 

20 the helfoal fbw compressor/turt>ine 14 at line pressure 
and a gaseous fuel outlet 41 to provide elevated pres- 
sure gaseois fuel to the combustor 22 via nozzles 24. 
While the helbal flow compressor/turbine motor 42 can 
be an induction motor, it woukJ preferably be a perrrat- 

25 nent magnet motor wt^ch coukJ also function as a 
permanent magnet generator. A helical flow compres- 
sor/turbine motor inverter drive 43 provkjes three (3) 
phase electrical power to the helical flow compres- 
sor/turbine motor 42 via electrical connection 44 and 

30 receives operational speed and phase data from the 
helical fbw compressor/turitDine nxstor 42 via electrical 
connection 45. 

The helical flow compressorAurbine motor inverter 
drive 43 receives torque control signals and maximum 

35 speed control signals 46 from the turtx)generator set 
power controller 15. The turix)generator set power con- 
troller 15, which includes a central processing unit, 
receives helical flow compressor/turbine motor/genera- 
tor speed and current (torque is prc^rtional to current) 

40 feedback signal 47 from the helbal flow compressor/tur- 
bine motor inverter drive 43. A turbogenerator turt^ne 
exhaust gas temp^ture signal 50 from thermocouple 
51 in the turt)ogenerator turbine exhau^ gas duct 52 is 
also provided to the turtx)generator set power controller 

45 15. 

The combustor 22 also includes a plurality of com- 
pressed air inlets 53 which prov^e pressurized air from 
the turtxjgenerator compressor 30 to the combustor 22. 
One or both of the gaseous fuel inlet 40 or gas^us fuel 

50 outlet 41 of the gaseous fuel helical flow compres- 
sor/turbine 14 n^y include a pressure sensor. Gaseous 
fuel inlet pressure sensor 55 and gaseous fuel outlet 
pressure sensor 56 can provide pressure data to the 
tuftx^generator set powa* corrtroiler 15 via lines 57 and 

55 58, respectively While both a gaseous fuel inlet pres- 
sure sensor 55 and a gaseous fueH outlet pressure sen- 
sor 56 are illustrated, only one may be r^ired since if 
one pressure value is sensed, fhB other pressure value 
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can be aocuratety calculated. Further, the gaseous fuel 
helical fbw compres5or/turt>ine 14 of the preserrt inven- 
tion is completely functional with or without pressure 
sensors In either or both of the gaseous fuel Inlet 40 or 
the gaseous fuel outlet 41 . 

The turtx)generator perrmnent rmgnet generator 
20 exchartges three phase data with the turtx>generator 
set power controlter 15 via lines 17, 18, and 19. 
Included in this data would be turtx)generator speed 
data. 

The helical flew compressor/turbine permanent 
magnet motor/generator 14 is illustrated in detail in Fig- 
ures 4-11. While it is shown in a two (2) compression 
stage configuration, it should be recognized that the hel- 
ical flow compressor/turbine 1 4 may have a single com- 
pression stage or as many as three (3) compression 
stages. The helk:al fbw compressorAurbine permanent 
magnet motor/generator is described in additional detail 
in a United States Patent Af^ication filed on the same 
date as this application by Robert W. Bosley, RonateJ F. 
Miller, and Joel B. Wacknov entitled "Helical Row Com- 
pressor/Turbine Permanent Magnet Mota/Generator", 
assigned to the same assignee as this application, and 
is herein incorporated by reference. 

A two (2) stage helical flow compressor/turbine per- 
manent magnet motor/generator is illustrated in Figures 
4-6 and includes a fluid inlet 56 to provkie fluid to the 
helical flow compressor/turbine of the helical flow com- 
pressor/turbine permanent magnet motor/generator 
and a fluid outlet 58 to remove fluid from the helical flow 
compressorAurbine of the helical flow compressor/tur- 
bine permanent motor/generator. 

The helical flow compressor/turbine permanent 
magnet motor/generator includes a shaft 60 rotatably 
supported by bearings 61 and 62. The position of bear- 
ing 62 is maintained by two (2) back-to-back Bellevue 
type washers 65 which also prevent rotation of the outer 
bearing race. Low pressure stage impeller 63 and high 
pressure stage impeller 64 are mounted at one end of 
the shaft 60, while permanent magnet rotor 67 is 
mounted at the opposite erxJ thereof between bearings 
61 and 62. The bearing 61 held by bearing retainer 68 
while bearing 62 is held by bearing retainer 66. A bore 
seal ti^ 70 extends between bearing retainer 68 and 
bearing retainer 66. An O-ring or gasket 71 may be pro- 
vided in each of the bearing retainers 68 and 66 at both 
ends of the bore seal tube 70. 

Low pressure stripper plate 76 and high pressure 
stripper plate 77 are di^x>sed radially outward from low 
pressure impeller 63 and high pressure impeller 64, 
respectively. The permanent magnet rotor 67 on the 
shaft 60 is disposed to rotate within permanent magnet 
stator 166 which is disposed in the permanent magnet 
housing 69. 

The low pressure imp^ler 63 is disposed to rotate 
between the low pressure stator channel plate 72 and 
the m^ stator channel plate 73 while the high pressure 
impeller 64 is dispc^ed to rotate between the rpki stator 



channel plate 73 and the high pressure states cf^n^ 
plate 74. Low pressure stripper plate 76 has a thickness 
slightly grater than the thickness of bw pressure impel- 
ler 63 to provide a running clearance for the lew pres- 

5 sure impeller 63 between low pressure states- c^iannel 
plate 72 and mid stator channel ^aXe 73 while high 
pressure stripper plate 77 has a thickness slightly 
greater than the thickness of high pressure impeller 64 
to provide a running clearance for the high pressure 

TO impeller 64 between mid stator channel plate 73 and 
high pressure stator channel plate 74. 

The low pressure stator channd plate 72 includes a 
g^erally horseshoe shaped f lukl flow stator channel 78 
having an inlet to receive fluid from the fluid inlet 56. The 

15 veM stator channel plate 73 includes a low pressure 
generally horseshoe shaped fluid flow stator channel 80 
on the low pressure skie thereof and a high pressure 
generally horseshoe shaped fluid flow stator channel 81 
on the high pressure side thereof. The low pressure 

20 generally horseshoe shaped fluid flow stator channel 80 
on the kw pressure side of the mid stator channel plate 
73 mirrors the generally horseshoe shaped fluki fkiw 
stator channel 78 in the k3w pressure stator channel 
plate 72. The high pressure stator channel plate 74 

25 includes a generally horseshoe shaped fluid flow stator 
channel 82 which mirrors the high pressure generally 
hcM^eshoe shaped flukl flow stator channel 81 on the 
high pressure side of mid stator channel plate 73. 
Each of the stator channels include an Inlet and an 

30 outlet disposed radially outward from the channel. The 
inlets and outlets of the k)w pressure stator channel 
plate generally horseshoe shaped fluid iicm stator chan- 
n^ 78 and mid helical flow stator channel plate low 
pressure generally horseshoe shaped fluid flow stator 

35 channel 80 are axially aligned as are the inlets and out- 
lets of mid helical flow stator channel plate high pres- 
sure generally horseshoe shap^ fluid flow stator 
channel 81 and high pressure stator channel plate gen- 
erally horseshoe sf^ed f lukl f k3w stator channel 82. 

40 The gaseous f luki Inlet 56 extends through both the 
low pressure stator channel plate 72 and k3w pressure 
stripper plate 76 to the inlets of both of the low pressure 
stator channel plate generally horseshoe shap^ fluki 
fbw stator channel 78 and the mid helical flow stator 

45 channel fixate low pressure generally horseshoe shapoi 
fluid flow ^ator channel 80. The gaseous fluid (Hitlet 58 
extends from the outlets of both the mid helical fbw 
tor channel plate high pressure generally horseshoe 
shaped flukj flow stator channel 81 and the high pr es- 
se? sure stator channel plate generally horseshoe shaped 
fyd flow stator channel 82 through the high pressure 
stator channel plate 74, through the high pressure strip- 
p^ plate 77, through the mki stator channel plate 73, 
through the low pressure stripper plate 76, and fir^lly 

55 through the low pressure stator channel plate 72. 

The crossover from the low pressure compressbn 
stage to ^e high pressure compression stage is illus- 
trated in Figure 7. Both of the outlets fron the low pres- 
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sure stator diannel plate generally horseshoe shar^ 
fluid flow stator channel IB and rmi helical flow stator 
charmel plate low pressure generally horseshoe shaped 
fluid flow stator channel 80 provide partially com- 
pressed fluid to the crossover 88 which in turn provides 
the partially compressed fluid to both Inlets of mid heli- 
cal flow stator channel plate high pressure gently 
horseshoe shaped fluid flow stator channel 81 and high 
pressure stator channd plate generally horseshoe 
shaped fluid flow stator channel 82. 

The impeller blades or buckets are best illustrated 
in Figures 8, 9, and 1 1 . The radial outward edge of the 
low pressure impeller 63 includes a plurality of low pres- 
sure blades 90 while the high pressure impeller 64 also 
Includes a plurality of high pressure blades 91. While 
these tilades 90 and 91 may be radially straight as 
shown in Rgure 8. there may be specific applications 
and/or operating cor^itions where curved blades may 
be more approprmte or required. 

Rgure 9 illustrates a portion of a helical f Im com- 
pressor/turt»ne impeller having a plurality of curved 
blades 71 . The curved tslade base or root 75 has less of 
a curve than the leading edge 79 thereof. The curved 
blade tip 82, at both the root 75 and leading ^ge 79 
would be generally radial. 

The fluid flow stator channels are best illustrated in 
Figure 10 which shows the stator channel plate 73. The 
generally horseshoe shaped stator channel 80 is shown 
along with inlet 85 arKi outlet 86. The inlet 85 and outlet 
86 would normally be relatively displaced approximately 
thirty (30) degrees. An alignment or locator hde 87 is 
provided in each of the low pressure stator channel 
plate 72, the mid stator channel plate 73 and the high 
pressure stator channel plate 74 as well as stripper 
plates 76 and 77. The inlet 85 is connected to the gen- 
erally horseshoe shaped stator channel 80 by a con- 
verging nozzle passage 95 that converts fluid pressure 
energy into fluid velocity energy. Likewise, the other end 
of the generally horseshoe shap^ stator chann^ 80 is 
connected to the outlet 86 by a diverging diffuser pas- 
sage 98 that converts fluid velodty en^gy into fluid 
pressure energy. The f luki flow outlet for the generally 
horseshoe shaped stator chann^ 81 is shown as 99. 

The depth and cross-sectional fbw area of fluid 
flow stator channel 80 are tapered preferably so that the 
peripheral flow velocity need not vary as fluid pressure 
and density vary along the fluid flow channel. When 
compressing, the depth of the fluid flow stator channel 
80 deaeases from inlet to outlet as the pressure and 
density increases. Converging nozzle passage 95 and 
diverging drffuser passage 96 allow efficient conversbn 
of fluid pressure energy into fluid velocity energy and 
vice versa. 

In a helical flow compressor/turbine operating as a 
compresses, fluid enters the inlet port is accelerated as 
it passes through the converging nozzle passage, is 
split into two (2) flow paths by a stripper plate, then 
enters the end of a generally horses^K>e shaped stator 



channel axially adjacent to the impeller blades. The fluid 
is then directed radially inward to the root of the impeller 
blades by a pressure gredient. accelerated through and 
out of the blades by c^itrifugal force, from where it 

5 reenters the fluid flow stator channel. During this time 
the fluid has been traveling tar^entially around the 
periphery of the helk:al flow compressor/turbine. As a 
result of this, the heltoal flow is established as best 
shown in Rgures 8, 1 1, and 12. 

TO The helical flow compressor/turbine is a'regenera- 
tive type of machine in which the working flurcl, in this 
case gaseous fuel, passes several times throi^h a sin- 
gle impell^ between the time it enters and leaves a 
given compression staga The fluid energy rise per 

15 stage of conpression Is a functbn of the number of 
regenerations (up to fifteen) times the fluid energy rise 
during each passage through the impeller. 

Rgure 11 shows the flow through the impeller 
fc)lades and the fluid flow stator channels by means of 

20 streamlines 39. On the other hand, Rgure 1 2 schemati- 
cally illustrates the helical flow around the center of the 
impeller-stator channel. The turning of the flow is illus- 
trated by a ribbon of streamlines in Rgure 12. The gen- 
erally drcular line In Rgure 12 represents the center of 

25 the impeller-stator channel. 

When the helical flow compressor/turisine functions 
as a compressor, the gaseous fuel, upon leaving the 
impeller, has a greater tangeritial velocity than the gas- 
eous fuel in the fluid fbw stator channel. This high 

30 kinetic energy gaseous fuel dec^erates and convert its 
kinetic or velocity energy into a potential or pressure 
energy and generates a pressure gradient around the 
fluid flow stator channel perphery. The gaseous fuel in 
the flukl flow stator channel, having less peripheral 

35 velocity than the gaseous fuel in the impeller blades, 
experiences a lower centrifugal force induced radial 
pressure gradient. Hence, there is a net radial pressure 
gradient in tiie fluid flow stator channel to direct the gas- 
eous fuel to the impeller root and create regenerative 

40 fkjw. 

Rgure 13 illustrates the fuel conrpression and con- 
trol system of the pres^ invention having two (2) heli- 
cal flow compr^sor/luriaines 14' and 14" in series. Each 
helical flow compressor/turbine 14' and 14" has a s^- 

45 rate inverter drive 43* and 43' respectively which 
receives nmimum speed and maxirrmm torque control 
signals 46' artd 46" from tuitx)generator set power con- 
troller 15*. Partially conrpressed gas^us fuel is taken 
from the outlet 41' of the first helk^al flow compres- 

50 sor/turbine 14' and delivered to the inlet 40" of tfie sec- 
ond helical flow compressor/turbine 14" t>y gaseous fuel 
line 94. 

An alternate r6presentatk>n of the helk;al flow com- 
pressorAut>ine gaseous fu^ onnpression and control 
55 system of the present invention is illustrated in Rgure 
14. The elements common witti Rgure 3 are preceded 
by the numeral 1 in Rgure 14; for example the helk:al 
fbw compressor/turbine 1 4 of Rgure 3 is des^nated as 
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helical flow cwnpressor/lurbine 114 in Figure 14. In 
additkjn, ttie helical flow comjM-essc^/lurbine motor 
inverter drive 143 is shown as receiving two hundred 
forty (240) volt electrical power via electrical supply line 
195: and recaving a nrtotor drive er^e disaete signal 
198 and ^e^orque mode discrete signal 197 both 
from the turtxjgenerator set power controller 1 1 5. A fuel 
shutoff sigrmi 198 from the turt»ogenerator set power 
contrdier 1 15 is provide to the fuel shutoff valve 199 
between the gaseous fuel outlet pressure sensor 156 
and turtx^enerator 1 1 2. A fuel inlet shutoff valve 1 98 is 
provkJed in fuel inlet line 1 40. 

Figure 15 is a graph of the (^'essure rise across a 
single stage helical flow compressor versus fluid flow 
rate through the compressor for constant impeller 
speed. The dashed straight line is provided to illustrate 
the slope or curve of the pressure rise line. 

The turt>ogenerator 12 is able to operate on what- 
ever gaseous fuel is av^lable in a pipeline, anywhere 
from six (6) inches water gauge at the low end to sboui 
fifty (50) psi gauge pressure at the top end. If the initial 
natural gas pressure is too high, the helical flow com- 
pressor/turbine 14 can be operated in a reverse direc- 
tion to function as a turbine and reduce the pressure 
coming into the turbogenerator 12 so that the anwunt of 
fuel needed for initial Ignition Is detained. That ignition 
then produces heat and turbine torque that accelerates 
the turtx)generator 12 which raises the pressure of the 
turtjogenerator compressor 30. As the turbogenerator 
compressor 30 increases the pressure of the combus- 
tion air, the gaseous fuel pressure must be conrespond- 
ingly increas«l to keep it somewhat higher so that there 
is a positive f bw of gaseous fuel to the combustor voz- 
zle Injectors. 

In order to start the system, the helical ftaw conv 
pressorAtuitine motor 42 would normally be run t)ack- 
wards to overcorne the upstream pressure of the 
gaseous fuel. The backward speed of the helical flow 
compressor/turt>in6 14 would be slowly reduced until 
there is a positive fud fkTw to the combustor nozzle 
injectors white the turtx)generator is n^ntained at a 
constant speed ideal for the igniters. Light-off will occur 
when the con-ect fuel air rata a function of the combus- 
tion process, is achieved. Before light-off. the speed of 
the hdical flow compres5or/turt>ine is the controlling fac- 
tor. After light-off. the controlling factor will be exhaust 
gas temperature during the remainder d the starting 
process. Once the light-off is complete the system will 
switch to a torque control nruxle. 

The natural gas header pressure that is needed to 
operate the turbogenerator has to be extremely low for 
ignition. As the tuftx>generator speed Increases, the tur- 
bogenerator^ compressor discharge pressure wnll 
increase up to as high as thirty seven (37) psi gauge. 
The natural gas pressure in the header that feeds the 
conri)ustor nozzle injectors needs to be between three- 
tenths (0.3) psi above turtx)g«ierator compressor dis- 
charge pressure to approximately a pound or pound 



and a half above turt)ogenerator compressor discharge 
pressure in order to accomn^ate ^seois fuel I'me 
losses or pressure drops in the various components in 
the gaseous fuel line to the connbustor nozzle injectors. 

5 For example, if the natural gas line pressure is 
twenty (20) psi gauge when you want to light-off, the 
pressure will have to be r^ced by seventeen (17) or 
eighteen (18) psi when the turt)ogenerator is turning on 
k)w speed. As the turtx)g&ierator speed increases, the 

10 pressure that goes into the header can be increase, 
that is the pressure needs to be reduced less. Ignitkm 
typically will occur while the helical f kTw compressor/tur- 
bine \s still turning backwards and reducing pressure . It 
is only after the helical flow compressor/turbine ceases 

15 to function as a turt»ne and starts to function as a com- 
pressor that the system can function in a speed corrtrd 
mode. 

When the helical ikm compressor/turbine is operat- 
ing at near zero speed, there is a very low gain in terms 

20 of the pr^sure rise since pressure rise is a function of 
speed squared. Once, however, the system is run in a 
torque control mode, the system fe much more forgiving 
since any incremental change in torque will produce a 
well defined change in helical fk)w compressor dis- 

25 charge pressure. This system is capable of operating in 
either a speed or torque control mode particularly if it is 
operating open loop. As cunrentiy configured, the sys- 
tem operates in a speed control mode for start up ard a 
torque control mode for turbogenerator closed-loop 

30 exhaust gas temperature (egt) and speed control oper- 
ation. With pressure sensors t>oth upstream ard down- 
stream of the helical flow compressor/turbine, pressure 
rises can be detected and ^ins can be scheduled. The 
pressure sensors also permit fault diagnostics to advise 

35 If the helical flow compressor/turbine is leaking or if the 
extra pressure doesn't meet your requirements, for 
example, if the inlet gaseous fuel pressure is not within 
your specification range. Alternately, however, the pres- 
sure sensors can be simulated by virtue of algorithms. 

40 Once you have light-off. exhaust gas temperature 
increases. If the turix)gen^tor speed is known, turtx>- 
g^erator compressor discharge pressure can be cal- 
culated as can the gaseous fuel pressure. The^ gaseoi^ 
fuel pipeline pressure normally does not change over a 

45 short period of time. Giaseous fuel pipeline pressure 
will, however, change significantly from winter to sunv 
mer and even from night to day If the gaseous fuel pipe- 
line pressure is known, it is a simple matte' to calculate 
ypjhsX helk;al flow compressor/turt>ine speed is required 

50 to obtain the gaseous fuel pressure at the header for the 
combustor nozzle injectors. With header pressure 
known, the turbogenerator speed for any mode will be 
known. There is a drect relationship between hdtoal 
flow compressor/turbine ^eed and turtx)generator 

55 ^eed for any turtx)generator bad. 

The torque on the helical flow compressor/turtine 
motor, a function of the helical flow compressor/turbine 
pa-manenl magnet motor current can readily be moni- 
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toraJ. AHemateJy, the helical flow compressor/lurbine 
can run with the impellers turning but m) torque in the 
helical fbw com^essor/turbine motor or a torque from 
the helical fbw compressc^Aurbine motw which is sim- 
pty provHjing power for the bearings and windage drag. 
The sy^em inherently Includes four feedback signals. 
These are the speed of the turtx3generator which pro- 
vides compressor dscharge pressure, the turbogenera- 
tor output power. turt>ine exhaust gas temperature and 
ambient air temperature. Whai operating at any given 
condition and a change in |X3wer is required, even 
before a change in comnrmnd is provided to the helical 
flow compressoryturbine. the change of conditions to 
satisfy the new power d&nand is known. In other words, 
it is not necessary to wait for an error to determine wf^t 
is r^uired to correct the error. This enables a less lim- 
ited slew rate and permits nrK>re aggressive danrtping 
which means less overshoot risk and less authority for 
the integral controls. 

In addition, there may be hardware implemented 
shutdown limits as a backup to the software limits and 
software which are in the system. While the limits of the 
software based limits are reached tcmg before you actu- 
ally hit the limits, the hardwired limits are really a strong 
safety damp. 

When the sy^em is being operated at a constant 
speed and experiences an increase in load, the speed 
will start to drop until the gaseous fuel flow is increased 
to maintain a constant speed of the turtx>generator. 
When higher fuel flow is requested, a command is pro- 
vided to the helical flow compressor/turbine to inaease 
its speed to compensate for the change in power 
required. In an open loop, the speed Is increased and 
th^ trimmed back to operate at peak efficiency. Unless 
the system Is directly connected to a utility or can 
receive significant electrical power from batteries, turbo- 
generator output power cannot Instantaneously be 
increased since output fuel flow cannot instantaneously 
be increasaJ since turt«)generator turbine inlet temper- 
ature cannot instantaneously be incre^ed. 

The system will have both a transient temperature 
lirrtit and a steady state temperature limit. The transient 
temperature limits will be higher than the steady state 
temperature limits so that a low transient change can be 
accomnrodat^ without any significant drop-off in turtx>- 
generator speed. Energy is required to accelerate the 
helical flow compressor/turbine impellers and that 
energy has to come from somewhere. It is either taken 
from therrral energy or delivered energy or any combi- 
nation of the two. The helical flow compressor/turbine 
has a lightweigfit Impeller and thus has a better tran- 
sient response time than other compressors. 

If the turt)ogenerator load suddenly drops off signif- 
icantly, the energy stored in the turtx)generator recuper- 
ator nr^ require some kind of off-load bank, such as an 
electrical resistance bank to diss^te that energy In 
stand-alone applicatk>ns. a progranvnable device like a 
human interface will program a minimum load setting 



and a maximum load setting to prevent operating above 
a certain selected speed. Alternately, a valve can be uti- 
lized to simply dump discharge air pressure. It is ample 
to shut down the system if there is no bnger any load by 
5 dosing a solenoid valve upstream of the helical flow 
compressor/turbine. If you shut off the gaseous fuel 
flow, the system will essentially coast down to zero 
speed. 

In deference to the hydrodynamic bearings on the 

10 turt3ogenerator. the system would normally be run down 
gradually or after a shut down the system woukj be 
restarted to run at a lower speed sudi as thirty thou- 
sand (30,000) or forty thousand (40,000) rpm to dissi- 
pate any heat remaining in the recuperator. 

75 In most conventional systems, there would be a 
separate gaseous fuel helical flow compressor/lurbine 
and a separate fuel metering valve. The system of the 
present invention eliminates the requrement for a sepa- 
rate metering valve. The helical fbw compressor/turbine 

20 can effectively serve both functions of flow control arxi 
pressure control. By combining the fuel pressure artd 
fuel flow control in the helical flow compressor/lurbine. it 
is possible to maintain turt)ogenerator speed within plus 
or minus ten (10) rpm over a speed range of from 

^ approximately twenty four thousar^ (24.000) rpm to 
approximately ninety six thousand (96,000) rpm with a 
turt^ne exhaust gas temperature control within two (2) 
to three (3) degrees Fahrenheit. By prinr^rily setting up 
pressure control such that a very small change in turtK>- 

30 generator speed makes a big change in flow, the turbo- 
generator essentially stabilizes ItseH. Previous systems 
where the gaseous fuel compressor is run directly off 
the turbogenerator shaft with some kind of gear reduc- 
tion, cannot even approximate this capability. 

35 In order to provide a better understanding of the 
present invention, provided below are a series of 
sequential steps in a typical system operation of a sys- 
tem having an inlet shutoff valve, no inlet pressure sen- 
sor, a helical flow compressor/turbine permanent 

40 magnet nrK}tor/generator. an outlet pressure sensor and 
an outlet shutoff valve; 

1 . With inlet valve shut, open outlet valve. 

2. Calibrate the outlet pressure sensor against 
45 atnrtospheric pressure. 

3. Close outlet valve, pause, open inlet valve. 

4. Using the just calibrated pressure sensor, deter- 
mine the, natural gas line pressure. 

5. Close Inlet valve. 

50 6. Using the just calibrated pressure sensor to nrton- 
rtor pressure decay, detemrtine If there are any ^s 
leaks in the gaseous fuel compression and control 
system. 

7. Com^e the direction of rotation (usually back- 
55 ward) and approximate spe^ that the helical flow 
compressor/turt>tne nuist operate at (usually as a 
turt^ne) to provkie the con-ect natural gas control 
system discharge pressure (usually atx)ut one psig) 
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for combustor ignition at the turbog^erator ^rtbn 
speed (usually about 16,000 rpm) for the airrent 
natural gas line pressure. 

8. With outlet shut-off valve closed, set the helical 
flew compressor/turbine direction of rotation and s 
speed to the computed value. 

9. Trim the hdlcal flew compressor/lurtMne speed to 
obtain the desired gaseous fuel control systOT dis- 
charge pressure for ignition (determined during pre- 
vious start-ups) using the just calibrate pressure io 
sensor. 

10. Accelerate the turt)ogenerator to the ignition 
speed using available electric power, the turt^ogen- 
erator*s inverts and the turtx)generator*s 
motor/generator operated as a motor is 

1 1 . Open the outlet shut-off valve. 

12. Turn on the combustor ignitor. 

13. Monitor the turt>ine discharge temperature for 
evkJence of ignition. 

14. If ignition does rK3t occur in a short period (ag. 20 
1/2 second), increase fuel control discharge pres- 
sure at a predetermine pressure versus time rate by 
changir^ the speed of the helical flow compres- 
sor/turbine (typically reducing its backward speed). 

15. When ignition occurs (as evidenced by an 25 
increase in turbine discharge temperature), compu- 
ter log the fuel control discharge pressure at which 
ignition occurred so that on the subsequ^ start 
cydes. this updated pressure can be set in step 9. 

16. Tum off the conrijustor ignitor. 30 

17. Accelerate the turt>ogenerator at a predeter- 
mine rate (speed versus time) until it reaches a 
speed nf)oderately above the self sustaining spe^ 
(usually about 25.000 rpm) using available electric 
power, the turtx)generator's inverter and the turt)o- 35 
generator's motor/generator operated as a motor. 
During this acceleration, the electrical power input 

to the turtx)gOTerator*s rrxitor will decline as the tur- 
bogenerator's con^stion driven turt»ne generates 
increa^ng shaft torque and power. During this 40 
acceleration the turt}ogenerator*s centrifugal com- 
pressor d'scharge pressure increases (nominally 
with the scpjare of turbogenerator speed). The fuel 
control system must deliver natural gas to the com- 
bustor nozzles at a pressure slightly above the cen- 45 
trifugal compressor's discharge pressure in order 
for the fuel to enter the combustor and sustain com- 
bustion. Fuel flow rate, combustion temperature 
and turtu'ne torque are strong functions of ^e small 
difference between the fuel control discharge pres- so 
sure and the centrifugal compressor discharge 
pressure. There is. therefore, a relatively stable tur- 
bogenerator spe^ (that \^ies slightly with turt)o- 
generator output power) for e/ery ley^el of fuel 
control discharge pressure. Thus, during thfe accel- 55 
eration the fuel control system must continually 
adjust the helical ftow compressor/turbine shaft 
tc^ue direction ar^l la^l so as to assure the 



desired turbine discharge ten^erature which is pre- 
define as a functk>n of turbogenerator speed. 

18. When the turtxjgenerator has reached a speed 
at which no ^ectrical power is required to acceler- 
ate it at the desired rate, continue to accelerate the 
turtx)gen&ator to a yet higher speed with no electri- 
cal power being either utilized by or generated by 
the turtxjgenerator's permanent magnet motor/gen- 
erator but rather utilizing for acceleration the com- 
bustion driven turbine torque. During this 
acceleration the fuel control system must set the 
helical flow compressor/turbine shaft torque direc- 
tion and level so as to assure that the turbine dis- 
charge temperature is held within an acceptable 
range which is defined as a function of turt)ogen- 
erator speed (too low and flame out occurs, too 
high and structural danmge can occur) and so as to 
assure that the desired speed versus time and 
maximum speed setting are achieved. 

19. Connect electrical load to the tuitx)generator's 
generator either directiy or through its inverter. 

20. This step of the operation sequence represents 
the normal c^rating condition for the gaseous fuel 
conrpression and conf ot system and for the turtx>- 
generator. The fuel control system must continually 
adji£t the helical ftow compressor/turbine shaft 
torque direction and level so as to assure that the 
desired turbine discharge temperature is held near 
the maxinrajm value for each turbogenerator speed 
using a stow servocontroi loop and is held at the 
desired turt)ogenerator speed for the cunrertt output 
power using a fast sen^ocontrol loop. 

Most turtx>generators operating with a low natural 
gas pressure will utilize a reciprocating compressor with 
a sixty (60) cyde phase vnoiOT to pump up the natural 
gas pressure to somewhere in the range of one hundred 
(100) psi gauge. This one hundred (100) psi gas is tiien 
stored in a pressure vessel or aocunruilator. An accumu- 
lator is required because tiie red^^'ocating compressor 
produces pressure pulsations and flow pulsations 
which, if applied directly to the combustor nozzles, 
could produce combustor tumble and/or blow out the 
combustor flame. A large accumulator will smooth out 
tiiese pulsations or variations. In addition, the recipro- 
cating conrtpressor is cycled on and off since if run con- 
tinuously it would continue to build up pressure. For 
example, tiie redprocating compresscMr would run until 
the pressure in the accumulator reached one hundred 
ten (1 10) psi and then would be shut off until the pres- 
sure went dawn to eighty (80) psi when it again would 
be turned on. The accumulator is required to compen- 
sate for this on/off cyding which is of consklerably 
longer duration than tiie pressure pulsations from the 
redprocating compressor. 

Once the accumulator has a stabilized natural gas 
pressure, the pressure must be reduced in a pressure 
regulator to a pressure which will always be below the 
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lowest pressure in the accumulator. A flow corrtrol valve 
is th^ used to determine the natural gas flow to the 
combustor nozzle Ir^ectors. The flow control valve is 
usually computer controlled with the computer receiving 
information about turbogenerator speed, turbine 
exhaust gas temperature, and required turbogenerator 
power. The amount of natural gas flowing through the 
flow control valve would be a function of these three (3) 
parameters and their rate of changa 

This type of system is relativety complicated and 
throws a lot of energy away by first compressir^ to a 
higher pressure than is required arxi then redudng the 
natural gas pressure to that which is actually required. H 
is also a fairly large system and requires a lot of power 
to produce the natural gas compression. Further, reqpv 
rocating compressors are typically oil lubricated and 
thus require oil removal systems. If the oil removal sys- 
tems do not function to prevent dl from getting into the 
combustion process, the surface and walls of the com- 
bustor can be contaminated and varnish can build up on 
the rK>zzle injectors and other con^stor components. 

The helical flow compressor/turbine system of the 
present invention overcomes all of the atxyve disadvan- 
tages of a reciprocating gaseous fuel compressor sys- 
tem. 

While specific emtxxiiments of the invention have 
been illustrated and described, it is to be understood 
that these are provided by way of exan^e only and that 
the invention is not to be construed as being limited 
thereto but only by the proper scope of the following 
claims. 

Claims 

1. A gaseous fuel compression and control system, 
comprising: 

a turtx)generator set including a turbogenerator 
and turtx)generator power controller, saki tur- 
bogeneratCM' including a compressor, a turbine, 
a combi^r with a plurality of gaseous fuel 
nozzles and a plurality of air inlets, a recupera- 
tor, and a permanent magnet motor/generator; 
a helical flow compressor/turt>ine for supplying 
pressurized gaseous fuel to the gaseous fuel 
rK)zzles of said turbogenerator combustor. said 
turbogenerator compressor supplying com- 
pressed air to said air inlets of said turbogen- 
erator combustor: 

a motor q^erably associated with said helical 
flow compressor/turt>ine to drive said helical 
flow compressor/lurbine; and 
a helical flow compressor/turbine motor 
inverter drive operably associated with said 
helical flow corTpr^sorAurt)ine motor to pro- 
vide electrical power to said helical flow com- 
pressor/turt)ine motor and receive operational 
data from said helical flow compressor/turt>ine 



motor, said helical flow compressorAurtMne 
motor inverter drive also operably associated 
with said turtx)generata power controller to 
receive control signal from said turtx)genera- 
5 tor power contrdler. said hirtx)generator power 

controller also receiving operational data from 
said helical flow compresscH^Auibine motCH* 
drive biverter and turt>ogenerator paramet^ 
signals from said turtx)generator. 

10 

2. The gaseous fuel compression and control system 
of claim 1 wherein said c^erationat data received by 
said helical flow compressor/turt>ine motor inverter 
from said helical flow compressorAurbine rrwtor 

15 includes motor phase data and/or motor speed 
data. 

3. The gaseous fuel compression and control system 
of daim 1 or 2 wherein said control signal received 

20 by said helical flow compressor/turbine motor 
inverter drive from said turtx)generator power con- 
troller includes a torque control signal and/or a 
speed control signal, eg. a maxinruim speed control 
signal. 

25 

4. The gaseous fuel compression and control system 
of any preceding claim wherein said turbogenerator 
parameter signal received t>y said turtx)generator 
power controller includes turtx)generator speed 

so andJor turtx)generator turbine exhaust gas temper- 
atura 

5. The gaseous fuel compression and control system 
of any preceding daim wherein said helical flow 

35 compressor/turt^ne inlet includes a pressure sen- 
sor to provide an inlet pressis-e signal to said turtx>- 
generator power control and/or said helical flow 
compressor/turbne outlet indudes a pressure sen- 
sor to provide an outlet pressure signal to said tur- 

40 bogenerator power controller. 

6. The gaseous fuel compression and control system 
of any preceding daim wherein said motor for said 
helical flow compressor/turt>tne is a permanent 

45 magnet motor/generator. 

7. The gaseous fuel compression and control system 
of daim 6 wherein said helical flow compressor/tur- 
bine arxJ said permanent magnet motor/generator 

50 share a common shaft. 

8. The gaseous fuel corrpresston and control system 
of claim 7 wherein said helical flow compressorAtur- 
bine and permanent magnet motor/g^erator on a 

55 common shaft comprise: 

a housing induding a permanent magnet stator 
positioned at one thereof; 
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a shaft rotatabty supported within said housing; 
a pennanent magnet rc^or mounted on said 
shaft at said one end thereof and operabty 
associated with sakJ permanent magnet stator; 
and 5 
an inrpeller mounted at the other end of said 
shaft said irrpeiler having at least one row of a 
plurality of blades; 

said housing including a generally horseshoe 
shaped fluid flow stator channel operably asso- io 
dated with each row of the plurality of impeller 
blades* a fluid Inlet at one end of said generally 
horseshoe shaped fluid flow stator channel, 
and a fluid outlet at the other end of said gener- 
ally horseshoe shaped fluid flow stator chan- is 
nel, the fluid in said generally horseshoe 
shaped fluid fbw stator channel proceecfing 
from said fluid inlet to said fluid outlet while fol- 
lowing a generally helical flow path with multi- 
ple passes through said impeller blades. 20 



9. The gaseous fuel compression and control system 
of claim 8 wherein: said Impeller has two rows each 
of a plurality of blades, with me row of said plurality 
of blades disposed on either side of the outer 25 
periphery of said impeller; and 



10. The ^seous fuel compression and control system 
of claim 8 wherein: a low pressure impeller is 
mcHjnted at the other end of said shaft, said low 
pressure impeller having two rows each of a plural- 
ity of blades, with one row of said plurality of blades ss 
disposed on either side of the outer periphery of 
said tow pressure impeller: and 



a high pressure impeller is mounted at the 
other end of said shaft, said high pressure 
impeller having two rows each of a plurality of 
biad^. with one row of said plurality of blades 
disposed on either side of the radially outward 
edge of said high pressure impeller; 
said housing including a mid stator channel 
plate disposed between said low pressure 
inpeiler and said high pressure impeller, a f 
pair of generally horseshoe shaped fluid flow 
stator channels with one of said first pair of 
generally horseshoe shaped fluid flow stator 
channels operabty associated with one of said 
two rows of low pressure irrpeiler t)lades and 
the other of said first pair of generally horse- 
shoe shaped fluid flow stator channels opera- 
bly associated with the other of sakJ two rows 
of low pressure impeller blades, and a second 
pair of generally horseshoe shaped fluid flow 
stator channels with one of said secorxl pair of 
generally horseshoe shaped fluid flow stator 
channels operabty associated with one of said 
two rows of high pressure impeller blades and 
the other of said second pair of generally 
horseshoe shaped fluid flow stator channels 
operably associated with the other of said two 
rows of high pressure impeller blades; 
said hoiking also including a low pressure 
stripper plate disposed radially outward of said 
lew pressure impeller, a high pressure stripper 
plate disposed radially outward of said high 
pressure impeller, a fluid inlet at one end of 
each of said first pair of generally horseshoe 
shaped fluid flow stator channels, and a fluid 
outlet at the other end of said first pair of said 
generally horseshoe shaped fluid flow stator 
channels and a fluid inlet at one end of each of 
said second pair of generally horseshoe 
shaped ftuki flow stator channels and a fluid 
outlet at the other end of said secmd pair of 
said generally horseshoe shaped fluid flow sta- 
tor channels, said inlet of sakJ second pair of 
said generally horseshoe shaped fluid flow sta- 
tor channels communicating with the outlet of 
said first pair of said generally horseshoe 
shaped fluid flow stator channels; and 
the fluid in each of said generally horseshoe 
shaped fluid flow stata channels nrmking nujlti- 
ple generally helical passes between said gen- 
erally horseshoe shaped fluid flow stator 
channel arxl said impeller blades as the fluid 
proceeds from said inlet to said ojtlet of said 
generally horseshoe shaped fluid flow stator 
channel. 

11. The gaseous fuel compression and corrtrot system 
of claim 8 wherein: a low pressure impeller is 
mounted at the other end of said shaft, said low 



said housing includes two generally horseshoe 
shaped fluid flow stator channels with one of 
said two generally ^K>rseshoe shaped fluid flow so 
stator chann^s operably associated with one 
of saki two rows of impeller blades and the 
other of said two generally horseshoe shaped 
fluid flow stator channels operably associated 
with the other of said two rows of impeller 35 
blades, said housing also including a stripper 
plate disposed radially outward from said 
impeller, a fluid inlet at one end of each of said 
two generally horseshoe shaped fluid flow sta- 
tor channels, and a fluid outlet at the other end 40 
of each of said two generally horseshoe 
shaped fluid flow stator channels, the fluid in 
each of said generally horseshoe shaped fluid 
flow stator channels proceeding from its fluid 
inlet to its fluid outlet while following a generally 45 
helical fbw path with multiple passes thrcaigh 
said impeller blades operably associated with 
said generally horseshoe shaped fluid flow sta- 
tor channel. 
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pressure impeller having two rows each of a ^ural- 
ity of blades, with one row of said pluBlrty of blades 
disposed on either side of the out^ periphery of 
said low pressure inkier; 

5 

a medium pressure impeller is mounted at the 
other end of said shaft adjacent to said low 
pressure impeller, said medium pressure 
imp^ler having two rows each of a plurality of 
Uades. with one row of said plurality of blades io 
disposed on either side of the outer periphery 
of said medium pressure impeller; 
a high pressure impeller Is mounted at the 
other erxi of said shaft adjacent to said medium 
pressure impeller, said high pressure impeller is 
having two rows each of a plurality of ttlades, 
with one row of said plurality of blades dis- 
posed on either side of the outer periphery of 
said high pressure impeller; 
said housing including a first mid stator channel 20 
plate disposed between said low pressure 
impeller and said medium pressure impeller, a 
first pair of generally horseshoe shaped fluid 
flow stator channels with one of said first pair of 
generally horseshoe shaped fluid flow stator 2S 
channels operably associated with one of said 
two rows of tow pressure impeller blades and 
the other of said first pair of generally horse- 
shoe shaped fluid flow stator channels opera- 
bly associated with the other of said two rows so 
of low pressure impeller blades, and a second 
pair of generally horseshoe shaped fluid flow 
stator channels with one of said second pair of 
generally horseshoe shaped fluid flow stator 
channels operably associated with one of said 35 
two rows of medium pressure impeller blades 
and the other of said second pair of generally 
horseshoe shaped fluid flow stator channels 
operably assodated with the other of said two 
rows of medium pressure impeller blades; 40 
said hoiking also including a second mid stator 
channel plate disposed between said medium 
pressure inpeller and said high pressure 
impeller and a third pair of generally horseshoe 
shaped fluid flow stator channels with one of 4s 
said third pair of generally horseshoe shaped 
f lukj flow stator channels operably associated 
with one of said two rows of high pressure 
impeller blades and the other of said third pair 
of generally horseshoe shaped fluid flow stator so 
channels operate associated with the other of 
said two rows of high pressure impeller blades: 
said housing further including a low pressure 
stripper plate disposed racfially outward of said 
low pressure impeller, a medium pressure ss 
stripper plate disposed radally outward of said 
medium pressure impeller, and a high pressure 
stripper plate disposed radially outward of said 



high pressure impeller; 

said housing furth^ inducfing a fluid inlet at 
one end of each of said generally horseshoe 
shaped fluid fbw stator channels, and a fluid 
outlet at the oth^ end of each of said generally 
hors^oe shaped fluid flow stator diannels. 
said inlets of said high pressure generally 
horseshoe shaped fluid flow stator channels 
communicating with the outlets of saki medium 
pressure generally horseshoe shaped fluid flow 
stator channels and said inlets of said medium 
pressure generally horseshoe shaped fluid flow 
stator channels communicating with the outlets 
of said low pressure generally horseshoe 
shaped fluid flow stator channels; and 
the fluid in each of said g^erally horseshoe 
shaped fluid flow stator channels making multi- 
ple goieralty helical passes between said gen- 
erally horseshoe shaped fluid flow stator 
channel and said impeller blades as the fluid 
proceeds from said inlet to said outlet of said 
generally horseshoe shaped fluid flow stator 
channel. 

12. The gaseous fuel compression and control system 
of daim 9 or 10 or 1 1 wherein the or each said strip- 
per plate has a thickness slightly greater than the 
thickness of the respective impeller to provide a 
running dearance for the inpeller. 

13. The gaseous fuel compression and control system 
of any of daims 8 to 12 wherein said inpeller 
blades are straight radial blades. 

14. The gaseous fuel compression and control s^em 
of any of daims 8 to 12 wherein said impeller 
blades are curved blades having a generally radial 
blade tip. 

15. The gaseous fuel compression and control system 
of daim 14 wherein said cun/ed Impeller blades 
have a leading edge with a greater curve than the 
curve of the blade root 

16. The gaseous fuel compresskKi and control system 
of any of daims 8 to 15 and in acklition. a bae seal 
tube disposed between said permanent magnet 
stator ard said permanent magnet rotor to prevent 
the working fluid from contacting said permanent 
magnet stator. 

17. The gaseous fuel conrf)ressk)n and control system 
of any preceding daim comprising: 

a first helical fksw compressor/turbine; 
a first motor operably assodated with said first 
helical fbw compressor/turbine to drive said 
first helical flow corrpressor/turtMne; 
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a first helical flow compressc^Aurbine motor 
inv^er drive operabty associated with first said 
hefical flow comiH'essor/turbind motor to pro- 
vide electrical power to said first helical flow 
corTpressorAurt>ine motor and receive opera- 
tonal data from said first helical flow compres- 
sor/turbine motor; 

a second helical flow compressor/turt>ine; 
a second motor operably associated with said 
second helical flow compressor/turbine to drive 
said second hdical flow compressoryturbine; 
and 

a second helical flow compressor/turbine motor 
inverter drive operaksly associated with second 
said helical flow compressor/turbine motor to 
provide electrical power to said second helical 
flow compressor/turbine nfK>tor and receive 
operational data from said second helical flow 
conpressor/turbine motor; 
saki first helical flow compressorAurbine 
receiving gaseous fuel and supplying interme- 
diately pressurized gaseous fuel to the second 
helical flow corrpressor/turbine and sakJ sec- 
ond helical flow compressor/turbine supplying 
pressurized gaseous fuel to the gaseous fuel 
nozzles of said turbogenerator combustor, said 
turt)ogenerator compressorAurbine supplying 
compressed combustion air to said air inlets of 
said turbogenerator combustor; 
said first and said second helical flow compres- 
sorAurbine motor inverter drives also op&rab\y 
associated with sakJ turtx>generator power 
controller to receive control signals from said 
turtx)generator power controller, said turbogen- 
erator power controller also receiving opera- 
tional data from said helical flow 
compressorAurt>ine motor inverter and turtx>- 
generator parameter signals from sakJ tuibo- 
generator. 

18. A method of gaseoi^ fuel compression and control 
for a tuft>ogenerator supplied with gaseous fuel by a 
helical flow corrpressorAurbine, comprising the 
steps of: 

, establishing the turtX)generator speed required 
t»ased upon the power load requirements of the 
turtx)generator; 

estatdishihg the turbogenerator conrt)ustion 
temperature or turtnne exhaust gas tempera- 
ture based on the power load requirements of 
the turtx>g^erator; 

establishing the gaseous fuel pressure require- 
ments to produce the established turtx)genera- 
tor speed and established temperature: and 
commanding the helical flow compressaAur- 
t^ne permanent magnet nxytor/generator to 
produce the established gaseous fuel pressure 



by controlling the torque or speed of the helical 
flow conrpressorAurbine permanent magnet 
HTKitor/generator. 

5 19. The method of ^seous fuel compression and 
control of claim 18 wherein the turtx)generatCM' 
is supplied with gaseous fuel by a pair of heli- 
cal flow compressorAurbine permanent nragnet 
motor/generators in series and the pair of heli- 

10 cal flow compressorAurbine permanent magnet 
motor/generators in series are commanded to pro- 
duce the established gaseous fuel pressure by 
controlling the torque or speed of the individual hel- 
ical flow compressorAurbine permanent magnet 

75 motor/generators. 

2a Ttie method of gaseous fuel corrpression and con- 
trol of claim 18 or 19 wherein the or each said heli- 
cal flow compressorAurbine permanent magnet 

20 nrKTtor/generators functions as a turbine when the 
pressure of the gaseous fuel supplied is greater 
than that needed by the turtx)gen^tor conr^ustor 
arxJ functions as a compressor when the pressure 
of the gaseous fuel sui:plied is less than that 

25 needed by the turkx)generator combustor with a 
smooth transition between said functions. 

21. A gaseous fuel compression and control system 
comprising a helical fksw connpressorAurbine inte- 
30 grated with a permanent nr^gnet nxTtor/generator, 
arxJ a turtx)generator controlled by said integrated 
conrpressorAurt)ine and motor/generator. 
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